Results from a concerted Hubble Space Telescope (HST) survey of nearby white dwarfs for substellar objects is presented. A total of 7 DAZ white dwarfs with distances of < 50 pc had high contrast and high spatial resolution NICMOS coronagraphic images taken to search for candidate substellar objects at separations < ∼ 10 ′′ away. Limits to unresolved companions are derived through analysis of 2MASS photometry of the white dwarfs compared to expected fluxes based on the WDs effective temperature, distance, and gravity. From our survey with HST we find several candidate companions, which have been or will be followed up with second epoch observations. We find that for four of the white dwarfs we are sensitive to planetary companions > ∼ 10 M Jup , and sensitive to companions > 18 M Jup for all of the targets. The lack of significant near infrared excesses for our targets limits any kind of unresolved companions present to be substellar. In light of these results we make several comments on the possibility of determining the origin of white dwarfs with metals in their atmospheres.
INTRODUCTION
The last ten years has shown a surge of new discoveries about objects of substellar mass. Radial velocity surveys of main sequence K-F stars have found few brown dwarf companions at separations of <3 AU, but a profusion of planetary mass companions (Marcy & Butler 2000) . Large all sky surveys, such as 2MASS and SDSS have found large numbers of free floating brown dwarfs (Burgasser et al. 2003; Hawley et al. 2002) . Low mass substellar objects down to planetary mass have been discovered in young clusters such as σ Orionis (Lada & Lada 2003 , and references therein). At the same time, imaging surveys of nearby main sequence stars have found several substellar companions thanks to high contrast imaging (e.g. Forveille et al. 2004) . One population of stars neglected have been intermediate mass stars with masses between 1.5-8 M ⊙ .
The reason for this oversight is partly due to the fact that the bulk of the search for planetary systems focuses on Solar System analogues, but technical reasons also limit the opportunity to search for planets and brown dwarfs around main sequence F-B stars. Radial velocity surveys rely on a large number of absorption lines in the stellar spectrum to achieve high precision velocity variations (Delfosse et al. 1998; Griffin et al. 2000) . As stars increase their effective temperature, metal line strengths decrease and there are fewer lines for measurement, in addition to having a smaller reflex motion. As stars increase their mass, their luminosity increases as well, making high contrast imaging more limited in its effectiveness. For example, high contrast imaging can achieve ∆H ∼10 at 1 ′′ on the NICMOS coronagraph with PSF subtraction, allowing 45 M Jup mass companions to be detected around a 1 Gyr solar mass star. For an A star with a mass of 2 M ⊙ at 1 Gyr, a 90 M Jup companion can be detected. Finally, more massive stars are rarer in local space, forcing observations of young star forming regions at larger distances.
Recent images of young HAe/Be stars with circumstellar disks such as HD 141569, HR 4796A, and AB Aurigae among many others motivates a search for planets around higher mass stars (Weinberger et al. 1999; Jayawardhana et al. 1998; Grady et al. 1999) . Sub-mm observations of warped and clumpy disks such as Vega and Formalhut show that planet formation may be vigorous for higher mass central stars (Holland et al. 1998) . What is still unclear is how planet formation efficiency varies with stellar mass and whether the brown dwarf desert is present over the same orbital separations for higher mass stars.
The 130 or so discoveries of planets by radial velocity surveys have told us much about planet formation, but discoveries of planets in orbit around post main sequence objects have the opportunity to challenge many accepted assumptions developed on the basis of our current knowledge. For example, the first terrestrial planets ever discovered were around a pulsar (Wolszczan & Frail 1992) . The oldest Jovian planet discovered in the M4 globular cluster in orbit around a white dwarf demonstrates that relatively Solar System like jovian planet formation can occur in metal poor systems, contrary to the indidcation given by the radial velocity surveys, which find planet formation more likely to occur in metal enriched systems (Sigurdsson et al. 2003) .
White dwarfs represent an intriguing population of stars to discover extrasolar planets and brown dwarfs. Given their intrinsic dimness, they allow high contrast searches to probe interesting orbital separations (Burleigh et al. 2002) . In addition, their higher effective temperature allows searches for unresolved excesses at larger wavelengths (Ignace 2001) . They probe a large range of stellar mass. Finally, they complement radial velocity and transit searches that are biased towards close companions.
To maximize the science from a survey of white dwarfs substellar objects requires finding a subset of References.
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white dwarfs that have markers for substellar objects. Nearby hydrogen white dwarfs with metal line absorption (DAZs) may fit this criterion. Three hypotheses have been put forth to explain the presence of DAZs; interstellar matter (ISM) accretion (Dupuis et al. 1992 (Dupuis et al. , 1993a , unseen companion wind accretion (Zuckerman et al. 2003) , or accretion of volatile poor planetesimals (Alcock et al. 1986; Debes & Sigurdsson 2002; Jura 2003) . ISM accretion has a wealth of problems in predicting many aspects of DAZs such as the large accretion rates required for some objects, or the distribution of these objects with respect to know clouds of dense material (Aannestad et al. 1993; Zuckerman & Reid 1998; Zuckerman et al. 2003) . Their quick atmospheric settling times require them to be in close proximity with accretionary material.
The significant fraction of DAZs with dM companions supports the argument that the rest of DAZs should have unseen companions that place material onto the WD surface through winds (Zuckerman et al. 2003) . This requires companions that are in extremely close orbit, bringing into question why these objects have yet to be discovered through transits or radial velocity surveys of compact objects, or through observable excesses in NIR flux. In most cases the reflex motion from such objects would be easily detectable (Zuckerman & Becklin 1992) . This explanation also has a hard time explaining objects like WD 2326+049 (G 29-38) which has an infared excess due to a dust disk at roughly the tidal disruption radius (Graham et al. 1990; Patterson et al. 1991) .
The invocation of cometary or asteroidal material as a method of polluting WD astmospheres was developed early to explain the discovery of metal lines in the DAZ WD 0208+395 (G 74-7) (Alcock et al. 1986 ). However, the plausible rates predicted by these original studies had a hard time explaining the highest accretion rates inferred for some objects and could not easily reproduce the distribution of DAZs based on their effective temperatures (Zuckerman et al. 2003) . However, mixing length theory predicts a dropoff of observability for accretion as a function of effective temperature which may swamp out the earlier prediction of Alcock et al. (1986) . Also unclear is the effect non-axisymmetric mass loss could have on the fraction of comet clouds lost by their hosts during post main sequence evolution (Parriott & Alcock 1998 ). Cometary clouds are by hypothesis the result of planet formation, so the long term evolution of planetary systems and their interaction with these comet clouds needs to be investigated (Tremaine 1993) .
The key to the study of this interaction is the mass loss that the central star undergoes as it leaves the main sequence and travels the path to an eventual white dwarf. Most planetary systems are stable on timescales comparable to their current age, but as mass is lost from the central star the relative strength of planet to planet interactions becomes stronger since these dynamical effects are measured relative to the mass ratio of the companion to host. At the same time the companions are expanding their orbits in a homologous way, increasing their orbital semi-major axes by a factor M i /M f (Jeans 1924) .
The well known Hill stability criterion for two comparable mass planets can be roughly described as ∆ c = (a 1 − a 2 )/a 1 = 3µ
1/3 where a is the semi-major axis and µ is the mass ratio of the planets to the host star (Hill 1886; Gladman 1993) . The critical separation shrinks as the relative separation of the two planets stays the same, resulting in marginally stable systems being tipped over the edge due to the change in reduced mass. This instability can lead to rearrangements, ejections, and collisions (Ford et al. 2001) . These three events dramatically change the dynamical state of the planetary system, leading to a fraction of systems that perturb the surviving comet cloud and sending a shower of comets into the inner system where they tidally disrupt, cause dust disks, and slowly settle onto the WD surface.
For two of the three above explanations, unseen planetary or substellar objects lurk in the glare of nearby white dwarfs with metal lines in their atmospheres motivating a search for cool objects in orbit around DAZ WDs. If such companions can be detected this will open an exciting chapter in the study of extrasolar planets by presenting several objects that can be directly detected and thus characterized, constraining a host of theoretical issues, such as extrasolar planetary atmospheres and the long term evolution of jovian planets. Such experiments in the stellar graveyard can support future missions dedicated to the detection and characterization of terrestrial planets. White dwarfs then represent an intermediate step between our current technology and what is needed for observations made with the James Webb Space Telescope (JWST) and the Terrestrial Planet Finder (TPF). Coupled with the possible marker of metal absorption, a sample of nearby stars easier to study than main sequence stars guaranteed to have some sort of planetary system could enhance the efficiency of such long term searches and may provide extra clues to the nature of planet formation.
To that end we were motivated to search seven DAZ white dwarfs with the NIC-2 coronograph on the NIC-MOS instrument of the Hubble Space Telescope (HST). This search was part of the the Cycle 12 program 9834, completed over the course of 2003 and 2004 with 14 orbits. We present the observations we made in Section 2 and detail our data analysis in Section 3. We present candidate planetary and brown dwarf companions in Section 4 as well as place limits on the types of candidates we could have detected in Section 5. Finally we discuss the implications of our work as well as lay out future possibilities in Section 6.
OBSERVATIONS
Seven of the most promising DAZ white dwarfs discovered or confirmed in the Zuckerman et al. (2003) survey were targeted for observation with NICMOS and are listed in Table 1 . Each target was observed with the NIC-2 coronagraph in the F110W filter. The most promising targets, WD 2326+049, WD 1337+701, and WD 1620-391 were imaged in the F160W filter as well. These three targets were also observed without the coronagraph for shorter exposures in the F110W, F160W, and F205W filters in an attempt to resolve any smaller structure or companions at separations < 0.8 ′′ . Acquisition images were used for the other targets. Following the prescription of Fraquelli et al. (2004) , two coronagraphic exposures of ∼600 s were taken at two different spacecraft roll angles. Each exposure was separated by a differential roll angle of 10
• . A more detailed description of the observing strategy is already presented in Debes et al. (2005b) , which we shall designate as DSW1. Table 2 shows a log for all of the observations taken along with the total exposure times and the filter used. Each F110W observation was designed to be sensitive enough to detect an object with m F 110W ∼23 with a S/N of 10, which for a 1 Gyr substellar object at 10 pc would correspond to a ∼5 M Jup planet.
In addition to the seven targets, three reference stars were observed with the three WDs observed without the coronagraph. The goal was to use these to subtract out the point spread function (PSF) that can obscure fainter objects, or dust disks. These targets were chosen to be close to the original target and have similar near-IR colors to aid in PSF subtraction.
One group of observations taken of WD 0245+541 failed due to an incorrect calibration onboard the telescope, with the flight software (FSW). As a result, WD 0245+541 was not placed behind the coronagraphic hole. The problem was identified by the HST staff and further observations did not show the same problem. A repeat observation was taken in October 2004, but the original failed observations were also used for our data analysis.
DATA ANALYSIS
Data was reduced by the calibration pipeline provided for NICMOS. In addition to the pipeline, certain steps were taken in an effort to improve the quality of the final images, roughly following the procedure set out by Fraquelli et al. (2004) . Each 600 s exposure was broken up into two or three exposures for ease in rejecting cosmic rays. Each calibrated subexposure had pedestal subtraction by the PEDSUB routine in IRAF through the STSDAS package. Each subexposure was registered and median combined with sigma clipping to create a final exposure at a particular roll angle. The two images at different roll angles were subtracted one from the other and vice versa to create two difference images, one ROLL1-ROLL2 and the other ROLL2-ROLL1. One difference image was rotationally registered and median combined to produce the final total image. Figure 1 shows the before and after pictures of a subtraction shown at the same image stretch. The residual light due to the coronagraphic PSF is dominated by systematic errors but in general is a factor of 20-50 times dimmer after subtraction.
In the case of WD 0245+541, several other steps had to be taken for the failed observation since at each roll angle the star was at a different position and not behind the coronagraphic hole. To combat that the two images were registered and difference images were produced. The final result was of sufficient quality to determine the presence of several candidate objects in the field. In addition there are two faint, resolved galaxies in the field. The candidate planetary object is discussed in more detail in DSW1 and has been confirmed to be a background object. If this object had been associated, its F110W and F160W magnitudes were consistent with a 7 M Jup object. Table 3 presents all the extragalactic objects discovered in this survey along with their positions and Vega magnitudes in each band. Figure 2 shows two candidate objects and a galaxy in its field. A second epoch image from the ground shows that both of these objects are background and is disscussed more in Debes et al. (2005a) . If they had been associated, they were consistent with a 3 Gyr old 15 M Jup brown dwarf and a 10 M Jup planet respectively. Figure 3 shows the surrounding area of WD 0245+541. Along with three candidates in the field. The first appears to be a binary object at a distance of ∼3 ′′ which in the second epoch image is clearly not co-moving. The other candidate is at a separation of ∼6 ′′ and 270
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• PA. Inspection of the POSS2 red image of this field clearly shows a point source at a separation consistent with this object being a background source. Finally, at a separation of 2.5±.09 ′′ and 348±2
• PA the third candidate has also been shown to be a background object by our second epoch image, with an R=2.86±0.09
′′ with a 1±1.3
• . Our predicted positions gave an R=2.94±0.19 and a PA of 0.8
• ± 2 The predicted positions were 100 mas off in RA and 80 mas off in Dec, consistent with the errors. The main source of error was in the center with the IRAF task PHOT and the reported proper motion (Bakos et al. 2002) . If it had been associated it would have been consistent with an 18 M Jup brown dwarf companion.
WD 1620-391
Unfortunately WD 1620-391 resides quite near the galactic plane and as such has an extremely crowded field with ∼36 sources of varying brightnesses. WD 1620-391 itself is quite close to the sun, and so any viable candidate in this field would have to be selected by a favorable F110W-F160W color being consistent with a substellar object. Since most of these objects are background objects we must first see if there is any evidence to suspect that there would be a candidate in this field rather than the assumption that all sources were background objects. The number of objects as a function of distance should be ∝ r 2 if the background distribution is truly random. A different distribution would be caused either by the presence of objects physically associated to the central white dwarf or due to physical associations among background stars, such as binaries or clustering. To test this we plotted the number of sources in the WD1620-391 field as a function of radial distance from the WD as can be seen in Figure 4 . We compared this distribution to a pure r 2 distribution through means of a K-S test. We find that there is a 97% probability that the distribution is not based on the r 2 distribution mainly due to the hump of sources present close to the WD. We believe that those objects are viable candidates and that in a statistically significant way the distribution of sources < 4 ′′ is fundamentally different that what would be expected. A caveat, however, is that since the WD is at a low galactic latitude the statistical test may merely be detecting some fundamental structure in the background sources rather than the presence of a candidate. Additionally, the scenario of Debes & Sigurdsson (2002) would predict more than one planet in the system to efficiently slingshot comets or asteroids to the surface of the white dwarf, so the potential exists that two planetary candidates could be present in this "hump" of sources < 5 ′′ . Regardless, we have plotted all the detected sources in a CMD and compared them to a predicted isochrone of substellar objects in Figure 6 . The WDs age is ∼1 Gyr so we used the 1 Gyr models of Burrows et al. (2003) convolved with the HST filters. There are some candidates that are within 4
′′ and who have colors consistent within the errors to be a planetary candidate. Table 4 lists the candidates, their magnitudes in F110W and F160W. Every one of the candidates would be ∼5-6 M Jup in mass if associated. This WDs proper motion is ∼75 mas/yr (Perryman et al. 1997) , so a second epoch image will be useful in ruling out or in any of these sources. This however will require the high sensitivity and spatial resolution of HST due to the crowding in the field.
LIMITS TO COMPANIONS
The main goal of this search was to detect candidate companions, but in addition limits to the detection of such companions is also important for understanding the true nature of DAZ WDs, as well as the process of planet and brown dwarf formation around intermediate mass stars. To this end, in this Section we quantify our sensitivity to companions we could have seen in order to determine the frequency of high mass planets and brown dwarfs.
Near-IR Photometry
While direct imaging is most sensitive to companions >0.9
′′ unresolved companions could still be present for some of these targets, and in order to rule out companions at separations where imaging or PSF subtrac- tion could not resolve them, we turn to the near-infrared fluxes of these objects provided by 2MASS photometry . This was previously done in DSW1 by taking the effective temperature,log g, and mass modeled from Liebert et al. (2004) , producing a predicted magnitude J th and comparing it to the observed J 2MASS to get a ∆J=J th -J 2MASS . A significant positive value would indicate an excess due to either an unseen companion or a dust disk. While we will use the results of DSW1 for two of our white dwarfs we will use for the rest of our targets the Bergeron et al. (2001) and Bragaglia et al. (1995) samples since they provide atmospheric parameters for the remaining five white dwarfs. We must test the accuracy of these samples so as to reliably report a 3σ excess limit. Looking first at the Bergeron et al. (2001) sample, it includes WD 0208+395, WD 0245+541, WD 0243-025, and WD 1257+278. Of the 150 white dwarfs we chose 71 of the sample that had a J < 15 and had reliable photometry, i.e., those objects that had quality flags of A or B in the 2MASS point source catalogue.
We neglected any object with an excess > 3 σ and recalculated the scatter in expected minus observed magnitudes, ensuring that the median excess was consistent with zero. In the analysis, only one object, WD 0038-226, had an anomalous H magnitude for its given effective temperature beyond 3σ, due to H 2 collision induced opacity in the near infrared (Bergeron et al. 1994) . From the ∼70 WDs we find that the 1 σ error in total of J, H, and Ks are 0.07 and 0.12, and 0.14 mag. For WD 1620-391, we needed to use the sample in Bragaglia et al. (1995) , using ∼35 of the 50 WDs modeled in that work. Once again picking WDs with V<15, reliable 2MASS positions, and reliable photometry in the three bands. Six white dwarfs had poor photometry or incorrect distance moduli, but these errors were corrected. The final errors were calculated, resulting in 1σ errors of 0.15, 0.16, 0.24 mag for J, H, and Ks respectively. Two WDs remained with significant excess, WD 1042-690, and WD 1845+019. WD 1042-690 is a known binary system with a dM companion, and WD 1845+019 does not currently seem to be a candidate for an excess. However, its position in both the POSS and 2MASS plates based on the position given by Lanning (2000) shows that it is blended with another point source. Inspection of the POSS and 2MASS plates leaves it ambiguous whether this barely resolved object (separation ∼3 ′′ ) is co-moving or not, so we mark this as a potential common proper motion WD/dM pair. Table 5 shows the expected 2MASS magnitudes based on our model, and the difference between the two in terms of significance with respect to the errors calculated.
Our 3σ limit in J allows us to place upper limits to unresolved sources for each of our targets. We took the predicted J magnitudes from substellar atmosphere models, corrected for distance modulus, calculated the excess, and compared it to our sensitivity limit (Baraffe et al. 1998 (Baraffe et al. , 2003 . Table 6 shows the unresolved companion upper limits for each target.
Imaging
Our most sensitive upper limits are through our deep coronagraphic imaging with NICMOS. The innermost limit to realistically detecting an object is when the radial distance between roll angles is ∼2 pixels, which corresponds to ∼0.9
′′ from the WD. In order to determine the limiting sensitivity, we implanted artificial point sources at various pointing angles and radial separations. At each point a 3×3 pixel aperture was used to determine the amount of flux from the point source, with an estimate of the local sky variation. If the flux from the implant was greater than 5σ the implant was considered recovered. The limits derived are consistent with the types of companions easily detected by eye. This process is discussed in more detail in DSW1. Figure 7 shows an example of the azimuthally averaged 5 σ sensitivity for WD 0208+395. With a total estimated system age of ∼3 Gyr, we overplot the lowest companion mass detectable. Table 6 has the mass limits for each Fig. 7 .-Sensitivity at 5σ to point sources in F110W around the WD WD 0208+395. The WDs F110W magnitude is ∼13.8, giving a contrast of 10 magnitudes at 1 ′′ . Overplotted is the magnitude of a 10 M J up planet 3.2 Gyr old at the distance of WD 0208+395 from the models of Burrows et al. (2003) . WD for separations > 0.9 ′′ .
DISCUSSION
We can use Table 6 and the results of our excess limits to draw some broad conclusions from this search. The combination of the 2MASS excess determinations and the HST imaging create the most sensitive search for planets around WDs to date. The sensitvity achieved could easily have detected an object > 10 M Jup at separations > 30.6 AU, with the closest detection possible at 9.3 AU. Taking into account that any primordial companions' semi major axis would have expanded by a factor of M i /M f , we can infer the closest primordial separation these objects would have had if they had been detected. In that case, any object that formed at >10 AU could have been detected, assuming that there were no forces that retarded expansion, such as due to tidal interactions with the giant star. However, this affect should be minimal at initial distances of 10 AU (Rasio et al. 1996) .
We can also make some initial comments about the origin of DAZ white dwarfs. Given the upper limits on unresolved companions, we can infer the plausibility of one of the possible explanations for the DAZ phenomenon. The problems with ISM accretion have been documented extensively in the work of Zuckerman et al. (2003) ; Aannestad et al. (1993) . In Zuckerman et al. (2003) they noted that a large fraction of DA/dM objects had metal absorption lines in their atmospheres, and inferred that other DAZs may be the result of unseen companions. If this scenario is true, then for each of these objects, the maximum companion mass plausible is 56 M Jup for 5 of the seven targets and 72 M Jup for the rest.
Current radial velocity surveys predict that ∼0.5% of stars have brown dwarf companions at separations of < 3 AU (Marcy & Butler 2000) . If this holds true for higher mass stars, such as the progenitors we are studying, this contradicts the estimate that ∼25% of WD stars are DAZs. Even given the limits of this survey, where ∼20% of all known DAZs are studied, This is simply too high to correspond to unseen brown dwarf companions. However, if there is a higher fraction of such BDs there would be no other method of detecting them, since radial velocity surveys can only search stars as early as F spectral type for such companions (Marcy & Butler 2000) . It's unclear what kind of formation mechanism would be different for more massive stars that would allow a large number of BDs to form, in light of a possible explanation for the brown dwarf desert by orbital migration (Armitage & Bonnell 2002) .
It is useful to compare our results with the results of the radial velocity surveys with regards to how many massive planets they would predict for a population of random stars as well as the frequency of massive planets among planetary systems. Since the numbers are small, we will merely look at percentages and assume that they are constant as a function of distance and central stellar mass, clearly naive assumptions. Of the 118 known planetary systems, ∼6 have companions with Msin i > 10 M Jup 3 . Since the frequency of planetary systems is 5%, one would expect 0.25% of field WDs to have massive, imageable planets. To have a 50% chance at detecting one or two planets would require a sample of 400 WDs with ages ∼3 Gyr. However, amongst planetary systems the fraction becomes 5%. If DAZs (and also DZs or helium white dwarfs with metal absoption) are indeed good markers for planetary systems, one would need a sample of 20 WDs to have a 50% chance to detect a massive planet. To date ∼34 DAZs are known. Currently the estimated fraction of apparent single WDs that are DAZs are ∼20%, implying a much higher rate of planet formation than that measured by radial velocity surveys, assuming that only 5% of stars have planetary systems, but not implausible (see Debes & Sigurdsson 2002 , for example). However, these surveys are starting to detect longer period systems, which may have a higher frequency of formation and better represent the type of population that would cause a DAZ (Jones et al. 2002) . Future observatories such as the James Webb Space Telescope should have an easier time detecting Jovian and sub-Jovian planets, which will hopefully resolve the origin of DAZs and whether they are ultimately useful for planetary studies, including spectroscopy if any candidates are confirmed.
The discovery of candidate planetary mass companions demonstrates that this limited survey was sensitive to planets. These results show that if massive planets were present around these WDs we would have detected them. Even with a small sample, limits can be placed on the frequency of massive planets in orbit around stars more massive than the Sun, and begin to observationally address the question of planet formation efficiency vs. spectral type. Ideally, the next step would be to probe to lower masses, where the planetary mass function peaks (∼1 M Jup ). High spatial resolution and sensitivity missions like JWST would most likely be able to detect such objects.
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